3 workload (Orasanu, 1990 ). This knowledge is as important as skills and attitudes--and in some cases, these cognitive abilities are more important. Team cognition has also been linked to team performance (Stout, Cannon-Bowers, & Salas, 1996) . But, unfortunately our understanding of team cognition is limited because it is difficult to capture or measure team cognition. Therefore, to fully understand team performance as well as the contribution of team cognition to effective team functioning, we must measure team cognition, which is the motivation behind this chapter.
Why do we need to measure team cognition? First, measures of team cognition provide a window to some of the factors underlying team acquisition and performance of a complex skill and can thus be valuable in diagnosing team performance successes and failures. Second, with an understanding of team cognition, training and design interventions can target the cognitive underpinnings of team performance. The ability to assess team cognition and predict team performance has far reaching implications for evaluating progress in training programs and diagnosing remediation needs during training. If one can measure the cognitive structures and processes that support task performance, then one can use this information to predict the time course of skill acquisition and the asymptotic levels of performance once skill has been acquired.
Finally, understanding the cognition underlying team performance has implications for the design of technological aids to improve team performance not only in training but, more importantly, in actual task environments.
We have organized this chapter into six sections. We first discuss the nature of team cognition. We then highlight some of the limitations of measures followed by a brief discussion of some new approaches to measuring team cognition. Next, we outline 4 some validation procedures and what we have learned so far about team cognition. We conclude with a few remarks about the future of team cognition.
What is Team Cognition?
Teams perform cognitive tasks. That is, they detect and recognize pertinent cues, make decisions, solve problems, remember relevant information, plan, acquire knowledge, and design solutions or products as an integrated unit. But, is team cognition anything more than the sum of the cognition of the individual team members? Yes, our position, which serves as the basis for our approach to measuring team cognition, holds that team cognition is more than the sum of the cognition of the individual team
members. Instead, team cognition emerges from the interplay of the individual cognition of each team member and team process behaviors.
We see these two intertwined aspects of team cognition, individual cognition of team members and team process behaviors, as analogous to cognitive structures and cognitive processes at the individual level. For example, individual knowledge may be, in principal, described in terms of a knowledge structure, but the effective application of that knowledge structure requires processes such as retrieval and pattern recognition that act on that structure. In a similar way, team members interact through communication, coordination, and other process behaviors and in doing so transform a collection of individuals' knowledge to team knowledge that ultimately guides action. In other words, the outcome of this transformation is effective team cognition. As is represented in Figure 1 , our work to date has focused predominantly on team knowledge which we view as central to team cognition. Parallel to research on individual expertise (e.g., Chase & Simon, 1973; Glaser & Chi, 1988) , accounts of effective team performance highlight the importance of team knowledge. For instance, Cannon-Bowers and have recently proposed a framework that integrates many aspects of team cognition in the form of teamwork competencies. They categorize competencies required for effective teamwork in terms of knowledge, skills, and attitudes that are either specific or generic to the task and specific or generic to the team. Similarly, a team's understanding of a complex and dynamic situation at any one point in time (i.e., team situation awareness) is supposedly influenced by the knowledge that the team possesses (Cooke, Stout, & Salas, 1997; Stout, et al., 1996) . These distinctions between long-term knowledge and knowledge that is associated with a dynamic or fleeting understanding of the situation are reflected in our framework, as are distinctions between knowledge about the task (i.e., taskwork knowledge) and knowledge about the team (e.g., teamwork knowledge). We also acknowledge that there are many other distinctions that could be made in regard to knowledge type (e.g., declarative, procedural, strategic) which are not reflected in this framework.
Another critical distinction that is depicted in the framework of Figure 1 Although specific characteristics of our framework may be novel, the proposal that team cognition exists is not. The concept of transactive memory assumes that two or more individuals can share the task of remembering by using each other as memory storage components (Wegner, 1986) . Further, concepts like distributed cognition (Hutchins, 1991) and common ground in discourse (Clark & Schaefer, 1987; WilkesGibbs & Clark 1992 ) also presume that cognitive tasks can be shared among two or more individuals. There has also been significant theoretical work delineating cognitive constructs at the team level such as team decision making, shared mental models, and team situation awareness (Cannon-Bowers, Salas, & Converse, 1993; Orasanu, 1990; Stout, et al., 1996) . The interest in such concepts is based on the hypothesized relation between team cognition and team performance that suggests that team performance can be better understood and ultimately predicted by measuring and understanding team 7 cognition. We agree that these team cognition constructs are key to understanding team performance. However, when we examine the way in which these constructs are measured in light of our framework (see Figure 1) we identify a number of measurement limitations. These limitations and our approaches to address them are the topic of the remainder of this chapter.
Limitations of Measures of Team Cognition
The assessment and understanding of team cognition (i.e., team mental models, team situation awareness, team decision making) requires psychometrically sound measures of the constructs that comprise team cognition. However, measures and methods targeting team cognition are sparse and fail to address some of the more interesting aspects of team cognition (Cooke, Salas, Cannon-Bowers, & Stout, 2000) . In particular, we have identified several issues that need to be addressed in order to adequately measure team cognition. These measurement needs are presented in Table 1 and will be discussed in turn.
[Insert Table 1 about here]
Holistic vs. Collective Measurement
Traditional measures of team knowledge (e.g., measures of shared mental models) are based on the elicitation of knowledge from individuals on the team, which is then aggregated (e.g., averaged) to generate a representation of the team's knowledge. Thus, this aggregate represents the "collective" level of Figure 1and Figure 1 , we predict that holistic knowledge, by virtue of its direct link to team performance, would be a better predictor of team performance compared to collective knowledge. Can team knowledge measured at the collective level be transformed in some way to better reflect the holistic level? How can knowledge be elicited or measured at the holistic level? We have begun to address this latter question that we view as a prerequisite to answering the others.
Heterogeneous vs. Homogeneous Measurement
Traditional measures of team cognition or team knowledge reflect an underlying assumption of homogeneous cognition or knowledge among members of a team. For instance, many measures of shared mental models are based on averaging responses elicited from individual team members. Not only is aggregation focused at the collective, rather than the holistic level, but typical aggregation metrics such as averaging assume that what is being measured (e.g., taskwork knowledge) varies only quantitatively. That is, knowledge is a matter of degree or the extent to which a core set of facts is mastered.
Further, typical measures of shared mental models are based on an assumption that shared knowledge among team members is the same as similar knowledge among team members.
In contrast, it is possible to conceive of team members as a collection of "apples and oranges," each having very different knowledge, skills, and attitudes that they bring to the task. Indeed, this characterization of team members is central to a common definition of team offered by Salas, Dickinson, Converse, and Tannenbaum (1992) .
They define team as "a distinguishable set of two or more people who interact dynamically, interdependently, and adaptively toward a common and valued goal/object/mission, who have each been assigned specific roles or functions to perform, and who have a limited life span of membership" (p. 4). Thus, teams, unlike some groups, have differentiated responsibilities and roles (Cannon-Bowers, Salas, & Converse, 1993) . This division of cognitive labor is quite common (e.g., surgery, battlefield command) and enables teams to tackle tasks too complex for any individual.
In this context, shared knowledge may be likened to sharing a piece of pie (i.e., each team member has a different, but complementary piece), rather than sharing in the sense of a belief or value (i.e., in which the belief or value is identical for all team members). This heterogeneous nature of teams is a feature that has been neglected by current measurement practices (e.g. Langan-Fox, Code, & Langfield-Smith, 2000) . It also poses a challenge to measuring team knowledge or shared mental models.
Need for Improving Aggregation Methods
Traditional aggregation procedures (e.g., averaging) associated with collective metrics assume homogeneity with respect to team member knowledge. For instance, a good example of a team for whom a simple averaging of individual scores is inappropriate is a structured team, in which every member has a different role. In an operating room we would not simply average scalpel-wielding performance, as the anesthesiologist would likely have a 0, regardless of how well she anesthetizes. There is a need for more principled aggregation approaches suited to heterogeneous teams such as process-oriented methods for aggregating individual knowledge to attempt to predict holistic knowledge (e.g., the social decision scheme literature, Hinsz, 1999; Davis, 1973 Also, as portrayed in Figure 1 , we conceive of team knowledge as both background knowledge that is long-lived in nature, and a more dynamic and fleeting understanding that a team member has of a situation at any one point in time. Indeed, many applied researchers have highlighted the importance of this latter kind of cognition, often termed situation awareness (Durso & Gronlund, 1999; Endsley, 1995a; Sarter & Woods, 1991) .
There has also been a growing appreciation of the importance of team situation awareness or that rapidly changing information that a team uses to understand and make decisions in a rapidly evolving environment (Cooke, Stout, & Salas, 2001; Prince, Stout, & Salas, 1994; Salas, Prince, Baker, & Shrestha, 1995) . This dynamic, fleeting knowledge is a challenge to measure at the individual level compared to the more stable knowledge associated with most knowledge elicitation methods (Adams, Tenney, & Pew, 1995; Endsley, 1995b , Fracker, 1991 Sarter & Woods, 1995; Taylor & Selcon, 1994; Vidulich, 1989) . Thus, measures of team knowledge have focused primarily on long-term team knowledge, at the expense of the more dynamic knowledge associated with situation awareness.
Need for Broader Focus on Different Knowledge Types
The measurement of team cognition has tended to focus on the knowledge constructs of shared mental models (Cannon-Bowers, Salas, & Converse 1993; Kraiger & Wenzel 1997; Klimoski & Mohammed, 1994) and to a lesser extent team processes involved in team decision making and communication. As previously mentioned, there 11 have been a few recent attempts to measure knowledge associated with situation awareness. However, even within the arena of long-term team knowledge (and situation awareness as well) there are a number of other distinctions that have largely been ignored. For instance, Cannon-Bowers , Tannenbaum, Salas, and Volpe (1995) distinguish between taskwork and teamwork knowledge. Taskwork knowledge is knowledge about the individual and team task and teamwork knowledge is knowledge about the roles, requirements, and responsibilities of team members. Others have distinguished between strategic, procedural, and declarative knowledge (Stout, et al., 1996) . These theoretical distinctions have yet to be captured by measures of team knowledge, which should in turn, put these distinctions to the test.
Need for Broader Application of Knowledge Elicitation Methods
Cooke (1994) outlines the various knowledge elicitation techniques that have been applied to individual knowledge elicitation and describe how these techniques can be applied to knowledge elicitation at the team level. In summary, the varieties of knowledge elicitation methods can be categorized into one of four categories: 1) observations, 2) interviews and surveys, 3) process tracing, and 4) conceptual methods.
Those methods that have been used to elicit team knowledge relevant to shared mental models or situation awareness have been typically restricted to interview and survey methods and to a lesser extent, conceptual methods. The application of a broader spectrum of knowledge elicitation methods to the problem of measuring team knowledge could open the door to the measurement of varieties of team knowledge previously untapped. As will be described in what follows, we have begun to explore the 12 application of process tracing techniques at the team level through the opportunistic use of team communications.
Need For Automated and Embedded Measures
There are several reasons why it is particularly advantageous to have automated and embedded measures in team research. Most of them trace back to the fact that applied research on team tasks tends to be more complex and have more variables and measures.
As task complexity increases, it becomes more disruptive to interrupt and administer a questionnaire or interview an expert. Moreover, as the size of the team increases, the time needed to query all team members increases. So, essentially, even fairly efficient measures can become difficult to administer and retain when the flow of the task is more fragile, when there are multiple team members being queried, and when multiple measures are being taken. Automating measures and embedding them within the task can reduce task disruption due to measurement, along with experimenter measurement errors and experimenter resources.
Need for Validation
The units used in team research are typically not items on a questionnaire, but rather single team-level measures. It is therefore unlikely that there will be enough observations to conduct certain standard psychometric tests, such as Cronbach alpha for reliability. On the other hand, test-retest reliability is a possibility if there are multiple trials on which the measure is taken. Also, if the measure is the judgment of more than one person, then interrater reliability remains viable.
Two approaches are readily taken to assess validity. First, if there are repeated trials in which a measure is taken, it can be determined if the measure shows an 13 acquisition curve that corresponds to the team's learning of the task. The measure should show either a power curve or an inverse linear curve. The second strategy is to show criterion validity to some other measure, such as performance.
Some New Approaches to Measuring Team Cognition
In this section we describe the approaches that we have taken in an effort to begin to address the limitations of measures of team knowledge described above.
Holistic Knowledge Measurement
The approach we have taken to holistically assessing knowledge is to have the team collaborate on their responses to queries that would otherwise have been administered individually. For instance, when we ask individuals to make pairwise relatedness ratings of pertinent concepts in the task, we immediately follow this procedure with asking the team to make their ratings, this time reaching a verbal consensus on each value they assign. For each pair, the rating entered in the prior session by each team member is displayed on the computer screen of that team member. The three team members discuss each pair until consensus is reached.
We have assumed that this assessment at the team level would capture not only the collective knowledge of the team members, but also process behaviors of the team that are used in coming to consensus on the ratings. So, for instance, if a team has a particularly persuasive--but wrong--team member, then their team score is accurately reflected as being too close to that misinformed score. The same process takes place during actual task performance, for better or for worse. Because of the inclusion of team process in the ratings, it was hypothesized that the consensus ratings would be better predictors of team performance than the aggregate taskwork ratings.
On the other hand, it is possible that the consensus measure is not a good estimate of holistic knowledge. The conformity demanded by the measure may induce process behavior different from task-related process and the public nature of the consensus may overshadow private disagreements. Whether such discrepancies result in output that is a good predictor, or at least a better predictor of performance than collective measures, awaits empirical results.
We have devised similar holistic rating procedures for measures of fleeting situation awareness knowledge, for knowledge of interaction among team members (i.e., teamwork knowledge), and for knowledge of the functioning of the task itself (i.e., taskwork knowledge). Order of presentation between holistic and individual cannot be randomized, due to the carryover effects of achieving consensus. So the challenge is to keep the task short enough to minimize fatigue or boredom effects.
Metrics for Heterogeneous Teams
To assess knowledge of heterogeneous teams we have computed knowledge accuracy metrics that are role-specific. A referent or "answer key" is generated by the experimenters for each role, by only considering what knowledge a team member in that role should be expected to know, in order to do their job well. Individual query responses are scored not only against a key representing overall knowledge, but also against rolespecific keys. In this way, measures of "role" or "positional" accuracy, as well as "interpositional" accuracy (i.e., interpositional knowledge (IPK) or knowledge of roles other than their own) can be determined. Effective performance can ultimately be characterized in terms of degree of knowledge homogeneity among team members.
Aggregation of Team Data
If measures are not collected at the team or holistic level, but at the individual level, then how can the individual measures best be used to estimate holistic, team-level scores?
Here we label any a priori aggregation scheme, whether based on central tendency (i.e. attempting to choose the "typical" score for the team), dispersion (i.e. assessing dissimilarity among team members), or anything else, "collective." A more empiricallydriven collective approach attempts to find a function that combines individual scores to best predict team scores. We are in a particularly good position to do this when we have data collected both at the individual and at the holistic (team consensus) level.
Our framework for thinking about team cognition (see Figure 1) , as well as work of others (e.g., Steiner, 1972 ) suggest that we should attempt to correct our collective estimates so that they reflect change in individual scores due to process loss (or possibly gain). For instance, one could compute central tendency corrected for dispersion by making aggregation contingent upon the result of cluster analysis (Everitt, 1993) , or other similarity methods. Aggregation methods based on team process are relatively ideographic, in that there will be a different combination rule for every team, depending on what their process is like.
Social decision scheme theory (SDS, Davis, 1973; Hinsz 1999; Hinsz, in press) takes this ideographic attempt to estimate holistic scores as its explicit focus. SDS attempts to combine individual decision making in such a way that it predicts the actual team decision among discrete alternatives. Combination rules are proposed based on theories about how specific groups interact, rather than on a single nomothetic rule applied to all teams, as the traditional collective approach does. Theories about team process are tested by determining how well the theoretical combination of scores under an SDS matches the actual decision.
In our work, in order to identify strategies that teams use to come to consensus in a knowledge rating task, the three individual and one team response for each item within a knowledge measure is examined as a single response set. Each response set can be Process strategies identified through these or similar data could then be used to aggregate other individual measures taken on the same teams. Interestingly, in our analyses we found that teams used a variety of strategies, however, there was no connection between the strategy they used and team performance. In particular teams used majority rules and the leader emerges strategies frequently. In addition, they used the fifth "nonstrategy" fairly often, which led us to question the degree to which team members took the consensus rating task seriously.
Measuring Broader Varieties of Team Knowledge
In our approaches to measuring team knowledge we discriminate among varieties of knowledge that we target. For instance, we have developed some strategies for measuring team situation awareness, or more specifically, the dynamic situation model that teams create. This is distinguished from the longer-term background knowledge that experienced team members bring to the task. Within the long-term knowledge category, we have additionally distinguished methods that elicit teamwork knowledge from those that elicit taskwork knowledge. In this section we describe these efforts.
We, like others (e.g., Endsley, 1995a) view the team process of situation assessment as distinct from the outcome of this process, which is the knowledge that is embodied in the team situation model. It is the latter that we focus on here. We view the team situation model as the team's understanding of a specific situation at any one point in time (Cooke, Stout, et al., 2001) . As suggested in Figure 1 We have explored a number of off-line (apart from the task) methods of assessing taskwork and teamwork knowledge of individuals and the team as a whole. Although we have assessed taskwork knowledge using multiple choice test items pertinent to the task and by having team members analyze the task in terms of goals, subgoals, and objectives, the most successful approach thus far has relied on pairwise relatedness estimates of task-relevant concepts. That is, individual team members rate concepts like airspeed and altitude in terms of their overall relatedness in the task context. The concepts, which typically number 10 to15, are carefully selected as representative of critical task concepts. In addition, selected concept pairs are hypothesized to discriminate between team members with low and high taskwork knowledge or between team members with different task roles. After rating data are collected, the results can also be used to further identify pairs that empirically discriminate individuals and teams.
We have used Pathfinder network scaling as a means of meaningfully reducing the quantitative ratings to a graphical structure (Schvaneveldt, 1990) . The Pathfinder procedure also offers a means of comparing two or more resulting network structures quantitatively, thereby allowing comparisons of taskwork knowledge of two or more individuals or teams (aggregate networks based on average ratings of team members).
This also allows comparisons of team or individual networks to a referent to determine knowledge accuracy. As mentioned previously, we have also extended this particular measure of taskwork knowledge to allow for holistic measurement and to address heterogeneous teams.
Our approach to measuring teamwork knowledge has also focused (until recently) on individual measurement and aggregation. In general, we elicit from individual team members their understanding of information requirements within a given scenario. The measure has evolved from a task in which team members used index cards to represent team members and information links between team members to a questionnaire in which team members read a scenario and check relevant items in a list where each items refers to a team member passing a specific type of information to another team member. Most of our data on the teamwork measure, however, come from a more open-ended questionnaire in which team members first indicate who is talking to whom in a given scenario and then describe the content of the communication. This measure can also be scored for intrateam similarity as well as accuracy.
Using Communication as a Window to Team Cognition
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We have proposed a general methodological approach for semi-automatically assessing team cognition using communication data (Kiekel, Cooke, Foltz, & Shope, 2001 ). The approach rests on the premise that analyzing communication data is a means of assessing team cognition. If teams are to be the unit of analysis under our holistic definition, we will need to measure behaviors exhibited by the team as a whole. Just as we use think-aloud verbal protocols to make inferences about individual cognition, so we have used the communication inherent in the collaboration process to assess team cognition in a holistic way. In this respect, team cognition is easier to measure than individual cognition; teams need not interrupt their process in order to think-aloud, since they are always "thinking aloud" in some sense. With a newly formed team, team cognition begins as the sum of individual cognition. Then, as the team thinks (interacts), dynamic changes occur in the team mind as a natural result of the interaction. Effects of this process on performance depend on the type of task (Steiner, 1972) To analyze content data, we have quantified the actual content of the speech, both manually and using LSA (i.e., Latent Semantic Analysis; Landauer, Foltz, & Laham, 1998) . LSA is a model of human language that can be used to code content and to determine similarity among utterances. It works by assessing co-occurrence of words within a large representative corpus of the language (e.g. encyclopedias, text books, transcripts). It first defines a matrix of the frequency of co-occurrence of each word with each other word. Co-occurrence is defined as two words occurring in the same paragraph. Then this rudimentary knowledge of the language is generalized to semantic knowledge. LSA extracts latent dimensions underlying the co-occurrence matrix by SVD (Singular Value Decomposition, the machinery behind principal components analysis and factor analysis). LSA then retains the first 300-400 dimensions (however many the user chooses), so that each word is quantified by a vector in 300-400 dimensional space. Each utterance is a vector made of the mean of its words. These vectors each have length, which is akin to the amount of meaning in an utterance. Furthermore, utterances can be correlated by taking their cosine. Using LSA, we have looked at variables such as the continuity of similarity from one utterance to the next, similarity of the whole team's dialogue to other teams whose performance score was known, and overall internal consistency of the team's communication, defined by the mean of the similarity matrix among all utterances.
Automating and Embedding Measures
We have approached the goal of automated and task-embedded knowledge measures along several fronts. There is still much to do. For instance, our measures of taskwork and teamwork knowledge are still collected off-line. The teamwork measures are paper-based questionnaires, and although the taskwork relatedness ratings are collected via computer, the sheer number of ratings required for a pairwise ratings task where N is equal to the number of concepts is (N x (N-1) ) /2. This translates to 45 ratings for 10 concepts and 190 for 20. Consequently, as concepts are added, the task becomes tedious quickly and requires streamlining.
Alternatively, our team situation awareness measures represent progress along this front. We are firm believers in embedded measures of situation awareness, as it is necessary to measure that knowledge in the context of the situation at the moment when momentary understanding occurs. So, we have successfully embedded our team situation awareness measures in the task and have even generated somewhat automated and online probe sheets as cues for the experimenters.
Possibly our greatest contribution in the area of automation and task-embedded measures has resulted from the work described previously in which we use team communications as an automatically-generated and task-embedded think aloud task at the team level. We can then infer team cognition or team knowledge from this team think aloud.
Validating New Measures of Team Cognition
Our approach has been to validate the measures described previously through experimentation in which we examine the changes in the measure with skill acquisition 23 and the degree to which the measure is predictive of performance. Experimentation occurs in the context of STEs (Synthetic Task Environments), laboratory abstractions of operational tasks such as Navy helicopter rescue missions (Cooke, 1998; Cooke, Kiekel, & Rivera, 2000; Cooke, Kiekel, Salas, Stout, Bowers, & Cannon-Bowers, in press) and UAV (Uninhabited Air Vehicle) ground operations (Cooke, Kiekel, & Helm, 2001; ).
Looking at the changes in acquisition curves across trials provides at least two pieces of information. First, it is a means of validating the measure, as measures of knowledge or skill gained in the course of the experimental trials should show a learning curve with repeated trials and covary with skill acquisition. Second, testing postasymptote trials against one another can assess reliability for any given measure. If it is known that the team is at asymptote, then any variation in the same team on the same score must be due to unreliability.
Second, team process and cognitive or knowledge measures can be judged for validity based on how well they predict performance. Whether the prediction needs to be a direct or an indirect prediction of performance--i.e. a path that leads through another variable--depends on the constructs under consideration. Further when team performance is affected by manipulations of various types (e.g., workload changes, communication mode changes), it is expected that such variations in performance should also be reflected in underlying cognitive and behavioral constructs that support this performance. For example, when workload demands of the task are increased, team performance typically declines, and this decline should similarly be apparent from the measures of relevant cognitive and behavioral constructs.
What Have We Learned About Team Cognition?
We have conducted several team experiments in which we measure team knowledge in addition to team performance and process (Cooke, 1998; Cooke, et al., in press; Cooke, Shope, et al., 2001 ). We measure team performance using composite scores based on task outcomes and we measure team process behaviors using observer ratings of process behaviors along dimensions such as communication, coordination, and decision making or by using a behavioral checklist in which target behaviors are associated with event-triggers in the context of the task. These performance and process measures serve as criterion values for our team knowledge predictors. Newly developed or modified measures of team knowledge are then applied in these experiments and evaluated in terms of their ability to predict team performance and process and to reflect any other experimental manipulations thought to influence team knowledge such as team task experience and training regime.
As previously mentioned, our experiments were performed in the context of synthetic task environments. Findings that were replicated in at least three of the four studies are reported below. Note that although these findings appear to generalize across our two synthetic tasks, the extent to which they generalize to other teams, team tasks, and work domains is an empirical question for further research.
Taskwork Knowledge is Predictive of Team Performance
Across our studies we have generally found that taskwork knowledge, measured after individual task training, is predictive of team performance. That is, teams with members who understand the task immediately or soon after training tend to be high-25 performing teams. For example, in one of our UAV studies , taskwork knowledge measured after training and the first mission predicted team performance on the second mission (r(9) = .839, p<.01) and the tenth mission (r(8) =.725, p<.05). However, there are a few caveats to this generalization, even within the context of our studies.
First, this finding is true when taskwork knowledge is measured using taskwork relatedness ratings (i.e., team members rate pairs of task relevant concepts for relatedness and these ratings are analyzed using the Pathfinder network scaling algorithm) and to a lesser extent, the consensus version of the ratings targeting holistic taskwork knowledge.
For instance, in the same UAV study mentioned previously , taskwork knowledge accuracy as based on the individual taskwork ratings predicted team performance on the first four missions with correlations ranging from .535 to .839 (df = 9), whereas when taskwork knowledge accuracy is based on the consensus ratings correlations with team performance on the same missions ranged from .352 to .549 (df = 9). Accuracy using these rating measures is based on comparison to a referent network indicating pairs that should or should not be related. The ability of taskwork knowledge to predict team performance, however, does not hold when measured more directly using multiple choice tests or unstructured questionnaires requiring goal and task decomposition.
This does not imply that these more direct methods are invalid. Alternatively, it may be that our implementation of them is flawed. Indeed, our multiple choice questions have tended to be too easy and thus, not very sensitive, whereas the goal and task decomposition exercise was so open-ended that it produced a wide range of mainly terse 26 and vague responses that were very difficult to score. So, although we have had the most success with the relatedness rating task, team knowledge of the task may be measured adequately using other methods implemented in a different way. On the other hand, we believe that the relatedness ratings task works (i.e., is sensitive to team performance differences) because of its indirect nature. Judgments are made more easily than explicit facts are recalled, and seemingly minor discrepancies in some judgments may reflect the difference between an expert and a novice (Schvaneveldt, Durso, Goldsmith, Breen, Cooke, Tucker, & DeMaio, 1985) . Also, in many ways, the similarity of two sets of relatedness estimates, or two resulting networks, seems more in line with the idea of shared mental models. Although we would not expect two individuals with "shared mental models" to know the identical facts and rules in regard to a task (as measured by more direct tests of knowledge), it seems reasonable that they would have the same perspective on a task, reflected in similar relatedness judgments.
The second caveat to the finding that taskwork knowledge is predictive of team performance is that with the application of our heterogeneous knowledge metrics we are getting a better idea of the precise nature of that knowledge. In the UAV context, teams that are high-performing have members who each understand the task as a whole (i.e., the big picture) and from the perspective of each team role or position. For instance, for good UAV teams, the Air Vehicle Operator understands the task from all perspectives in that he or she provides ratings that are accurate in regard to the Air Vehicle Operator referent, as well as the referents associated with the Payload Operator, and Navigator (i.e., DEMPC) roles. In a UAV study for instance , correlations between team performance and interpositional taskwork knowledge based on 27 ratings and comparisons to role referents ranged from .232 to .613 for the first four missions and .555 to .677 for the last three missions. In other words, good teams have interpositional knowledge of taskwork. So, for these highly interdependent team tasks that we have studied, it is not just a matter of becoming expert at a single task, but also of understanding the other roles well enough to provide "accurate" relatedness ratings of task concepts relevant to these other roles.
Finally, one other finding has emerged that has direct support in one of the helicopter studies and indirect support in several other studies. Specifically, there appears to be a sequential constraint on the acquisition of taskwork versus teamwork knowledge.
In a cross training study (Cooke, et al., in press), we attempted to short-cut traditional cross training in which all team members are given complete training in each role. We compared this full cross training condition which emphasized taskwork to a condition in which team members were cross trained not in the other tasks themselves, but on teamwork information. That is, information about the responsibilities and information requirements associated with each team role was conveyed through notes and charts. We hypothesized that because this latter condition preserved what we believed to be the essence of cross training, it should take less time and be at least as successful in terms of team performance relative to full cross training.
Contrary to our expectations, full cross-trained teams showed marginal benefits in terms of team performance, but significant taskwork and teamwork knowledge benefits.
That is, full cross-trained teams had more interpositional knowledge than other teams in regard to both taskwork and teamwork knowledge (see Cooke, et al., in press for details).
Further analyses suggested that the acquisition of teamwork knowledge (trained explicitly 28 in the abbreviated training condition) was facilitated by a prior understanding of taskwork knowledge (conveyed in the full cross training condition). In other words, team members need to understand what is done before they understand who does it. But, why did we see only marginal performance benefits with full cross training? It appears that for this task, unlike the UAV task, taskwork knowledge specialization, not interpositional knowledge, is associated with high performing teams. Thus, cross training may be at odds with the knowledge requirements of this task. These interesting possibilities regarding knowledge requirements and sequential constraints in the acquisition of taskwork and teamwork knowledge were only revealed through our measurement of team knowledge, and thus provide support for the diagnostic power of the measurement of team cognition.
Team Situation Awareness is Predictive of Team Performance
In our studies we have also found that team SA (situation awareness) is a consistently good predictor of team performance. Teams with high SA tend to be better performing teams. For instance in a UAV study , team accuracy scores on situation awareness probes (averaged across 10 missions) were correlated with team performance (also averaged across the 10) missions; r(11) = .88, p <.0001). In addition, team situation awareness is one type of knowledge that continues to improve after training with team task experience. For instance, found that team situation awareness accuracy and intrateam similarity improve across missions and parallel skill acquisition on the task. This might be expected as the knowledge and expectations that are tied to specific mission situations cannot be conveyed in our factual tutorials as well as through direct exposure to the situation.
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In some cases the correlation between team SA and team performance have been so high (e.g., the r (11) = .88 referenced above) that we have questioned the validity of our measure. It is possible that through repeated exposure to SA queries, team members acquire situation awareness that focuses on information relevant to the queries, thus artificially inflating their SA accuracy. However, if this is the case, then it is the acquisition of this "test knowledge," rather than SA that is associated with high team performance. Indeed, our most recent results suggest that accuracy on repeated SA queries is more highly correlated with team performance that accuracy on non-repeated queries. This suggests that the SA that we measure that is developing and mirroring performance is constrained to the specific task and experimental situation.
Teamwork Knowledge Changes with Experience
In our studies we have also seen a general tendency for the teams' knowledge of teamwork to increase over time. For example, found that accuracy on the teamwork questionnaire increased over the four knowledge sessions (.53, .66, .71, and .65) with the largest increase paralleling the team performance acquisition function. On the other hand, discrepancies in the accuracy of teamwork knowledge do not predict team performance and thus, this is something that teams seem to acquire uniformly with team task experience. The general pattern seems to be that the team's knowledge of taskwork is acquired early through the training tutorials (largely declarative knowledge), but this is not acquired to the same degree by all teams and discrepancies are predictive of team performance. The more fleeting knowledge (i.e., SA) and the team's knowledge of teamwork are acquired through actual task experience (largely procedural knowledge). Also, discrepancies in SA, but not teamwork knowledge predict 30 performance. The sequential constraint discussed previously in regard to teamwork and taskwork knowledge may explain the different patterns of knowledge acquisition. That is, it seems important for the acquisition of taskwork knowledge to precede teamwork knowledge and so unlike SA, it may not be that exposure to actual mission situations is critical to learn about teamwork. Rather the sequential constraint demands that the acquisition of teamwork knowledge wait until taskwork knowledge is mastered. In addition, it is possible that our teamwork measure (questions about information flow in the team) is not sensitive enough to reveal subtle differences among teams that are reflected by the SA and taskwork measures.
Communication Consistency Predicts Team Performance
We believe that the use of communication data as a window to team cognition is not only theoretically justified, but also practical given that these data can be collected unobtrusively during mission performance. The challenge is in finding methods of communication analysis that best reflect team cognition. Thus far we have had promising results using LSA (Landauer, et al., 1998) to identify similarity in segments of discourse based on semantic content. We have also used ProNet (Cooke, et al., 1996) to examine patterns of communication flow among team members across a 40-minute mission. In both cases, the preliminary results suggest that teams who perform poorly exhibit a variety of communication patterns both in terms of flow and content. This variation occurs within individual teams. On the other hand, highperforming teams demonstrate consistency over time in both what they say (i.e., content) and who they say it to and when (i.e. flow). In general, the results of the semi-automated approaches to communication analysis have been successful in terms of predicting team 31 performance. Next steps involve associating communication patterns with team characteristics or behaviors more diagnostic of cognitive or behavioral deficits or strengths (Kiekel, et al., 2002) .
Concluding Remarks
In this chapter we have presented our motivation for investigating team cognition, have discussed its importance, and have offered a definition of team cognition. In light of this definition, we have highlighted several limitations of traditional measurements of team cognition. Our recent research in the area begins to address some of these limitations by developing new methods or adapting older methods for measuring team cognition. Of primary importance are the development of automated and task-embedded measures and the evaluation of new measures in terms of their validity. Thus far, we have identified some valid measures of team cognition, specifically taskwork knowledge, teamwork knowledge, and the knowledge associated with team situation awareness. In four studies we find that taskwork knowledge seems to precede the acquisition of teamwork knowledge and that teams with members who understand the task from the perspectives of roles other than their own (assessed using metrics for heterogeneous teams) tend to be high-performing teams. We have also begun to develop and test behavior, and cognition of teams. It is only, we believe, through theoretically-driven systematic lab and field studies that focus on designing, developing and validating sensitive, diagnostic and useful measures of team cognition that we will contribute a much needed answer to the numerous businesses, industries and agencies for which teams are central. We hope this chapter and the others in this volume motivate more thinking and research on this important topic. 
